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This paper describes the concept of a dust monitor using lead zirconate titanate (PZT) ceramics with a large
detection area. Its potential as a dust detector is experimentally demonstrated. The dust monitor has a small
volume compared to an impact ionization detector with the same detection area, due to the PZT sensor. The
PZT sensor, as a traditional device for the in-situ observation of hypervelocity dust particles, has been used
for momentum measurement. The hypervelocity impact signals of PZT sensors are typically read by charge-
sensitive ampliﬁers. Instead, we suggest a new method that a current-to-voltage converting ampliﬁer is useful for
interpreting the impact signal of a PZT sensor arising from dust particles down to 0.5 μm in radius. We propose
that datasets of dust impacts can be obtained with a higher statistical accuracy, if the new method is applied to
instruments on forthcoming interplanetary-space-cruising spacecrafts.
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1. Introduction
Cosmic dust, in the range 10−18–10−6 g, is a basic com-
ponent of space and has been directly observed by space-
borne missions in interplanetary space since the 1960s.
Such dust particles have been identiﬁed as interplanetary
dust particles (IPDs), β meteoroids, interstellar dust (ISD),
and dust ejected from the Jovian and Saturnian systems
through in-situ observations by spacecraft between 0.3 AU
and 18 AU heliocentric distances (Gru¨n et al., 2001). The
number of observed dust particles, however, has been sta-
tistically limited because of their low spatial density. Sev-
eral models of dust ﬂux in interplanetary space have been
developed (Divine, 1993; Dikarev et al., 2005); however,
these models can be improved by further observations with
a higher statistical precision. Therefore, dust counters and
analyzers with large detection areas have been recently pro-
posed for a future space mission, DuneXpress (Gru¨n et al.,
2009). The payload of DuneXpress consists of seven so-
phisticated instruments for dust observation. This mission
sheds light on many subjects that have remained because of
insufﬁcient statistical data from previous dust observations.
The following parameters are some of the issues that will
be addressed by DuneXpress:
• Size distribution of interstellar dust and the variation
in ﬂow direction and dispersion with particle size.
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• Time variation in interstellar dust ﬂows of various
sizes.
• Ratio of cometary to asteroidal particles.
• Orbital characteristics of various types of cometary
and asteroidal particles.
DuneXpress can determine dust trajectories with an accu-
racy of better than 3% in speed and 3◦ in direction to distin-
guish interstellar dusts from interplanetary ones by their tra-
jectories. Less-sophisticated instruments used in previous
dust observation missions, however, have provided much
insight into our understanding of dust populations in inter-
planetary space, although they could not determine accurate
trajectories of detected dusts. For an example of those mea-
surements, Gru¨n et al. (1997) statistically discriminated be-
tween interstellar dust and interplanetary dust with a Dust
Detector System having a sensitive area of 0.1 m2 and a
wide ﬁeld-of-view of 140◦. Even though such observations
cannot identify the population of individual dust particles, a
statistical approach using the dataset can address the char-
acteristics of the individual dust particle population, which
are their size distribution, time variation, and orbital charac-
teristics. For such a statistical approach, the number of de-
tected dust particles should be as large as possible. It is an
issue of forthcoming missions that the detection area should
be enlarged. Consequently, ambiguities, based on statistical
ambiguities, can be improved. In this paper, therefore, we
discuss the idea that a number of segmented PZT sensors
could cover a wide area of a spacecraft surface with small-
scale resources.
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The current trend, concerning the detector area, is that
current missions are equipped with dust detectors having
a large detection area operated under minimal resources.
The Arrayed Large-Area Dust Detector in Interplanetary
Space (ALADDIN), onboard the engineering testing space-
craft Interplanetary Kite-craft Accelerated by Radiation Of
the Sun (IKAROS) (Yano et al., 2011), uses two types of
polyvinylidene ﬂuoride (PVDF) sensors (9 and 20 μm in
thickness) and has a large total detection area of 0.54 m2.
Of particular note is that ALADDIN requires a weight bud-
get of only 247 g including its electronics, and the sen-
sors are attached on the solar sail of IKAROS. This sim-
ple instrument provides the number of hypervelocity dust
particles penetrating into the PVDF sheet with momentum
larger than a particular threshold value. ALADDIN has
detected more than 2000 events during one year of obser-
vation in heliocentric distances of 0.72–1.08 AU (Yano et
al., 2011). The statistical accuracy of ALADDIN’s ob-
servations is substantially better than that of previous ob-
servations. For example, HITEN MDC observed approx-
imately 500 impacts of cosmic dust (effective detection
area 100 cm2) during about three years at 1 AU heliocen-
tric distance (Auer, 2001), and NOZOMI MDC observed
approximately 100 dust impacts (effective detection area
143 cm2) for about four years in heliocentric distances of
1.0–1.5 AU (Sasaki et al., 2007). ALADDIN’s observa-
tions exhibited a trend similar to previous observations in
which dust ﬂux increased with decreasing distance from the
Sun by an approximate factor of 10 (Yano et al., 2011).
If ALADDIN continues to operate in interplanetary space
for many years, it may observe solar modulation of inter-
planetary dust ﬂux and dust particles in a cometary trail,
which is yet to be observed. Despite its low functional-
ity, such large-sensitive-area dust monitors could enhance
the understanding of the dynamic behavior of dust particles
in interplanetary space. In addition, observations through
such missions as ALADDIN can provide insight into the
previously-mentioned parameters. In this study, we have
examined a dust-particle detector with a large detection area
similar to that of ALADDIN. This study considered a small
spacecraft such as HAYABUSA that cruised in interplane-
tary space for a lengthy period; thus, the dust instrument
required fewer resources. For this purpose, in particular, a
piezoelectric PZT sensor is incorporated in the instrument
because its mechanical simplicity does not require much
space even if it extends the detection area over the space-
craft surface. The PZT sensor has been widely accepted as
a momentum sensor. However, momentum measurement
alone is insufﬁcient to uniquely determine the trajectory of
dust particles. Thus, we draw attention to the potential of
the PZT sensor to determine separately the mass and speed
of dust particles, by taking a novel approach.
2. Dust Detector Using Piezoelectric PZT
Piezoelectric crystals (PZCs) have been widely used as
supersonic transducers and impact sensors for the in-situ
observation of cosmic dust. The response of a PZC sensor
is related to the momentum of a dust particle at low speed
(v < 1 km/s) and includes the term v2 due to the recoil from
impact ejecta. In practice, the contribution from the recoil
is negligible in comparison with the measurement preci-
sion (Auer, 2001). The advantages of PZC sensors are me-
chanical simplicity and stiffness, unnecessity of a required
bias voltage, and high temperature and radiation tolerance.
Thus, PZC sensors have been used for in-situ dust observa-
tions. Thick PZC and thin (typically 0.1 mm) piezoelectric
diaphragms were employed on spacecraft in the early 1970s
(Auer, 2001). As part of the Dust Impact Detection System
(DIDSY), several PZCs were attached to the dust shields
of the Giotto spacecraft launched to study the comet Hal-
ley (McDonnel et al., 1986). The Mercury dust monitor
(MDM) will be onboard the BepiColombo/Mercury mag-
netosphere orbiter (MMO) to be launched in 2014 (Nogami
et al., 2010). MDM was proposed to investigate the dust
environment around Mercury. Hence, PZC sensors con-
structed of PZT have been adopted because of their high
temperature and radiation tolerance, in addition to a high
piezoelectric constant. Four square plates of PZT, each
40 mm×40 mm×2 mm, will be installed on a side panel
of the MMO. The PZT sensors can easily detect vibrations
from origins other than impacts on the detection area. Con-
cerning true-false discrimination, therefore, it is necessary
to examine the waveforms of the signals read by an am-
pliﬁer. For the BepiColombo/MDM, the signal waveform
from the sensors will be digitalized by a ﬂash analog-to-
digital converter (ADC), with a sampling rate of 20 MHz,
in onboard electronics. Because true dust impact events,
and fake events that are likely to be generated by dust im-
pact in ambient instruments or by thermal strain, are not
distinguished onboard, the waveform will be downlinked
to the ground. In general, severe limitations exist in avail-
able resources such as power consumption and communi-
cation rate in space mission; therefore, power consumption
and telemetry for recording and downloading the waveform
should be conserved. This is especially critical if a number
of signal channels need to be read as a result of numerous
PZT sensors used to enlarge sensitive areas for cosmic dust
observation. In previous studies of piezoelectric dust sen-
sors, responses of the sensor have been measured in charge
or voltage by charge-sensitive or voltage ampliﬁers for ob-
serving momentum transfer during the impact. Here, we
suggest that the signals from the PZT sensor should be read
in a current mode by the ampliﬁer, which would enhance
the function of the PZT sensor. In fact, the determination
of momentum, size, and speed for hypervelocity micropar-
ticles, and true-false discrimination, may be facilitated.
3. Signal Readout of the PZT Sensor for a Hyper-
velocity Microparticle
3.1 Signal generation of dust impact
In this section, we brieﬂy describe stress generation dur-
ing collision impact. For simplicity, we cite the problem
of elastic waves generated by cylindrical-bar collisions that
typically appears in dynamics textbooks, such as that writ-
ten by Meyers (1994). When a cylindrical projectile with a
length L collides with a cylindrical bar, a rectangular pulse
of length 2 L propagating through the bar is generated dur-
ing a time interval of 2L/C , if the bar and projectile are of
the same materials. The stress generated by the impact σ at
a speed V is given by σ = ρCUp = 1/2ρCV , where ρ,
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C , and Up are the density, longitudinal speed, and particle
speed of the target material, respectively. Accordingly, we
can theoretically determine the size and speed of the pro-
jectile from the pulse shape of the generated stress. In re-
ality, however, the projectile and the target have more com-
plicated structures and are composed of different materials.
Furthermore, hypervelocity impact causes an inelastic col-
lision, generating shock waves and can evaporate some por-
tion of the materials; therefore, impact duration is not a sim-
ple function of the size of the projectile particle (Melosh,
1989). Nevertheless, the pulse shape of the stress can pro-
vide an insight for predicting projectile parameters by using
such an empirical law derived from dust acceleration exper-
iments, as shown in ﬁgure 5 of Weishaupt (1987), in which
the signal rise time depends on the projectile velocity and
size. If a dust particle collides with the surface perpendic-
ular to the thickness direction of a PZT sensor plate and
parallel to the polarization direction, the generated longi-
tudinal stress wave along the polarization direction can be
electrically observed. The time variation of charge signals
converted from the stress in the PZT target corresponds to
the stress wave. The stress wave can be correctly read by
a charge sensitive ampliﬁer (CSA) with a response speed
faster than the time variation. Weishaupt (1987) used a CSA
to read impact signals of various-sized glass beads hitting a
PZT sensor and demonstrated experimentally that the rise
time of the charge signals was related to the sizes of the
glass bead projectiles. The rise time corresponds to the time
interval in which stress increases during the impact. When
a projectile particle collides with a target PZT sensor, the
mechanical strain due to the generated impact pressure is
converted to electric charges appearing on the surface of the
sensor that increases as the strain becomes greater. That is,
the electric charge generated by the impact is a function of
the elapsed time of the collision between the projectile and
the target. The charge generation due to dust particle im-
pact is extremely small, and PZT sensors have large electric
capacities because the piezoelectric element has a dielectric
constant, ε = 1500. Hence, the signals of PZT sensors are
usually read with a CSA.
3.2 Signal readout of the PZT sensor with a current-
to-voltage converting ampliﬁer
A CSA is essentially composed of an operation ampliﬁer
and a feedback capacitor. When a CSA matches the elec-
trostatic capacitance of the sensor, it can read tiny signals
even if the sensor’s electrostatic capacitance varies because
of factors such as temperature dependence. In addition, a
CSA generally has a frequency range up to approximately
10 MHz, because the ampliﬁcation of signals in higher fre-
quencies creates an instability resulting in oscillation noise.
Hence, a CSA does not read the signal of the impact stress,
which is an extremely short timescale phenomenon. In-
stead, it reads stationary wave signals with the resonance
frequency determined by the sonic speed and the thickness
of the PZT sensor. An example is 1.1 MHz for a PZT sensor
with a longitudinal wave speed of 4.4 km/s and a thickness
of 2 mm. The magnitudes of signals consisting of reso-
nance frequency and harmonic resonance components are
proportional to the momentum transferred from the incident
particles to the target sensor. By reading the signal during
Fig. 1. Correspondence of current signal measurements to physical impli-
cations.
the dust impact, we may determine the mass (as predicted
from the size, assuming the mass density) and speed of dust
particles separately. As previously mentioned, a CSA is not
appropriate for fast signal readouts of small dust particles
of a few μm or less, because the impact duration is approx-
imately 1 ns. Instead, an ampliﬁer known as a current-to-
voltage converting ampliﬁer (CVA) is employed to read the
signal from a sensor in a current mode and output the am-
pliﬁed signal as a voltage. A CVA should have a low in-
put impedance compared with the impedance of the sensor,
which, in this case, is a capacitative reactance. Therefore,
the electric charge generated in the sensor will ﬂow into
the CVA as an electric current. An advantage of a CVA is
that the frequency range can be extended to frequencies as
high as GHz. In addition, its rated input load capacitance
is high, similar to that observed in CSAs. For example,
a CVA that was fabricated for an experimental demonstra-
tion, as mentioned in the following section, can accept an
input load capacitance up to 100 nF, equivalent to the ca-
pacitance of a PZT sensor plate of 120 mm × 120 mm ×
2 mm. Here, we brieﬂy consider the physical implications
of electric current measurements on a PZT sensor. Figure 1
shows a correspondence between the measurements of cur-
rent signal and its physical implications. Essentially, the
electric current is the time derivative of an electric charge.
The magnitude of an electric charge on the PZT sensor rep-
resents the momentum of the projectile particle, while the
pulse height of the current signal represents the impulsive
force during the collision of the projectile and target. The
area found by the integral of the electric current pulse over
the time duration corresponds to the impulse of the projec-
tile dust particle, which is approximately proportional to the
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Table 1. Correspondence of measurements to quantities of impact phenomena and physical properties of projectile dust particles.
Measurements Quantities of impact phenomena Quantities of projectile dust particles
Magnitude of current Impulsive force Impact speed, size, and mass
Duration time Impact duration Size and longitudinal wave speed
Area of current pulse Impulse Momentum
projectile momentum. Table 1 shows the correspondence of
the measurements to the physical quantities of the impact
phenomena of the projectile dust particles during impact
and the related physical quantities of the projectile particle.
When a projectile microparticle collides with a PZT sen-
sor, the PZT sensor generates an electric charge, the total
amount of which is proportional to the momentum transfer
(or impulse) from the microparticle. The electric charge
has a time variation that corresponds to the time deriva-
tive of the impulse, namely the impulsive force exerted on
the sensor. The impulsive force is an integral of the colli-
sional stress, σ , with regard to the contact area of collision,
∼L2. The duration time of the collision is ∼2L/C as de-
scribed in the previous section. Although the functions of
these parameters are not simple to acquire, we can obtain
additional physical properties of the projectile dust particle
from the current ampliﬁer output signals. This method gives
an extent of measuring the accuracy of the particle mass.
The propagation speed of the longitudinal stress waves (or
acoustic waves) depends on the material. The conversion of
the duration time of the CVA output signal into the size of
the microparticle is calculated with the acoustic wave speed.
The variation of the acoustic wave speed of natural materi-
als that ranges from 3 to 6 km/s causes a measurement error
of the microparticle size. Besides, the mass of the micropar-
ticles can be calculated from the size assuming a spherical
particle and a certain value of material density. This causes
a measurement error of the microparticle mass. At present,
it is difﬁcult to exactly estimate the accuracies of the speed
measurement and the density estimate. Considering the val-
ues above, we consider that the mass will be determined
within a factor of one. The boundary of the error will be
studied with accelerators in the future. We have designed a
CVA prototype for reading current signals generated during
impact on a piezoelectric PZT sensor, and have conducted
experiments to evaluate its performance. Experimental de-
tails and results are described in the following section.
4. Experiments on the Current Signal Readout of
Impact on a Lead Zirconate Titanate Sensor
We used an active Q-switch YAG pulse laser unit (MINI-
LASE II-10; New Wave Research Inc., California) with a
1064-nm wavelength, 6–8-ns pulse duration, and a <30
mJ per pulse to simulate impact on the surface of a PZT
sensor through light pressure. The PZT sensor (Honda
Electronics Co., Ltd., Japan) was the same product as
that installed in the BepiColombo/Mercury Dust Monitor
(Nogami et al., 2010). A PZT sensor with a detection area
of 8 mm × 8 mm, a thickness of 8 mm, and thin layers of
silver electrode with thicknesses of 5 μm was attached on
each side of the unit. The electric capacitance was 0.23 nF.
A laser spot was focused to a diameter of approximately
1 mm on the sensor surface. Although impact generation
by light pressure of a pulse laser (not ablation pressure) is
not the same as that arising from the collision of materials,
this type of impact is adequate for investigating the signal
response of a PZT sensor read by a CVA. For example, a
laser pulse of 30 mJ with a spot of 1 mm in diameter gener-
ated an impact pressure of approximately 14 mN or higher,
depending on the reﬂectivity of the surface.
We fabricated a CVA with a response time of approxi-
mately 6 ns and input impedance of 20 . Although this
CVA was fabricated simply for our experiment, the re-
sponse time was much faster than those used in previous
studies by a factor of about 10. Laser pulses irradiated
through the thickness direction of the PZT sensor gener-
ated light pressure on the PZT sensor. The output wave-
forms of the CVA were recorded by a digital oscilloscope
(WaveMaster 806Zi, LeCroy Corporation, New York) with
capability of 6 GHz and 40 GS/s. Figure 2 shows a typi-
cal waveform of the current signal of the laser shot on the
PZT sensor; Fig. 2(b) is a magniﬁed version of Fig. 2(a)
in time scale. In these ﬁgures, the vertical axes show an
output voltage signal of the CVA corresponding to the cur-
rent ﬂowing to the CVA. The positive output signals show
compression, and the negative signals show rarefaction in
the thickness direction of the PZT sensor. As shown in
Fig. 2(a), the waveform has periodically-appearing multiple
pulses. Figure 2(b) shows that the ﬁrst pulse has a positive
peak and a negative peak. Two vertical solid lines in the
ﬁgure depict that the positive peak (1) (compression) was
deﬁnitely generated at the time of the laser pulse impact,
and that the negative peak (2) (rarefaction) could be gener-
ated by restoration. After approximately 2 μs, correspond-
ing to the propagation time of the longitudinal wave along a
thickness direction of 8 mm, the next sharp pulse appeared.
However, the phase was inverted, and the amplitude was
attenuated. Subsequent pulses appeared in approximately
2-μs intervals with a phase inversion. The waveform of
the hypervelocity impact read by the CVA consists of dis-
crete wave packets and the ﬁrst pulse clearly starts with a
positive peak due to the compression of the sensor mate-
rial by collision. On the other hand, one read by a CSA
(for example, see Miyachi et al. (2005)) has a continuous
waveform with a period determined by the sensor thickness
and the acoustic wave speed. As mentioned in the previ-
ous section, a current signal waveform is in the form of the
time derivative of a charge signal waveform. The ﬁrst pulse
had a rapid rise time for the leading edge, which slowed in
subsequent pulses. It can be considered that a stress wave
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Fig. 2. Example of a typical waveform of the current signal of a 25.9 mJ laser pulse shot on the PZT sensor in a long timescale of 20 μs (a), and in the
magniﬁed time scale (b) for the ﬁrst pulse.
Fig. 3. Linear relationship between the amplitudes of the ﬁrst pulses of the signal waveforms and the laser pulse energies. The slope, intercept and
reduced chi square value of the linear curve ﬁtting are shown.
was propagated through the PZT sensor to the other surface
and was reﬂected at the free end with dispersion. Although
only small variations were apparent between pulses in the
waveform in Fig. 2(a), the electric charge indeed appeared
on the surface of the PZT sensor. Figure 3 shows a linear
relationship between the amplitudes of the ﬁrst pulses of
the signal waveforms and the laser pulse energies; however,
several data points deviated from the linear curve because
of the instability of the laser shot. The negative intercept of
the plots shown in Fig. 3 is due to the absorption of laser
energy at the optical focal lens right before the target sen-
sor. In this case, the time proﬁle of the laser pulse shot,
which was approximately a rectangular pulse of about 7 ns
in duration, could not be determined because the response
speed of the CVA was not sufﬁciently fast. As shown in
Fig. 3, the ﬁrst-pulse amplitude is related to the impulsive
force produced by the laser shot. Impact by laser shot, how-
ever, differs technically from that by material collisions. In
addition, the CVA used in this study does not have sufﬁ-
cient performance to measure a 1-μm-size microparticle,
but only for 10-μm-size, or larger, microparticles. We feel
that the result above is promising enough to develop a new
method which can measure the size and speed of a hyper-
velocity microparticle using the PZT sensor. For further
studies, we will experimentally demonstrate this new dust
monitor in terms of the measurement of a 1-μm-scale mi-
croparticle, after an improvement of the response speed of
the CVA. In this study, our ﬁnal goal is to detect impact
phenomena arising from microparticles with sizes of ap-
proximately 1 μm and speeds higher than 1 km/s. In this
case, the duration time of collision corresponds to the prop-
agation time of the compression stress wave generated at
the ﬁrst collision point through to the opposite side where
the wave is reﬂected to be a rarefaction wave traveling back
to the ﬁrst point. The timescale of such detection target
phenomena is approximately 1 ns. Also, the size of the
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Fig. 4. Comparison of (a) output signals of the PZT sensor by ﬁnger-snapping on its frame (false event) and (b) a typical true event in which an
impulsive force is applied to the sensor plane (true event).
impact phenomena corresponds to the area where the im-
pulsive force is exerted: approximately the cross-sectional
size of the projectile microparticle. In addition, we utilized
laser radiation pressure to apply an impulsive force to the
sensor in order to avoid ablation damage of the sensor sur-
face. For that reason, the spot size of the laser was set to
be 1 mmφ and the area over which the impulsive force was
exerted was also of the same space scale. The duration time
of the impulsive force was about 7 ns, which was the same
scale as the laser pulse duration. As described above, the
impulsive forces generated by pulse laser irradiation in this
experiment differed in timescale and space scale from our
target phenomena of microparticle collision. The difference
in space scale, however, does not affect the charge signal
generated by the piezoelectric effect. With a laser pulse of
30 mJ and a spot size of 1 mmφ, and a duration time of 7 ns,
the generated impulsive force is approximately 14 mN and
the generated impulse is about 100 pg km/s. The duration
time of 7 ns corresponds to that of an impulsive force gen-
erated by the collision of a microparticle of a size 10 μm
with a target, supposing the propagation speed of the stress
wave (or acoustic wave) in the projectile material is about
4 km/s: the mass of the microparticle is about 100 pg as-
suming a mass density of 2.5 g/cc. In other words, this
laser experiment simulated a microparticle with a mass of
100 pg and a speed of 1 km/s colliding with a target PZT
sensor. The mass of 100 pg is much larger than that of our
targeted microparticle, however, the duration time is appro-
priate to evaluate the performance of the prototype CVA,
and the feasibility of the newmeasurement method has been
demonstrated.
4.1 Pulse shape discrimination
The output signal waveform of the PZT sensor with a
CVA is clearly deﬁned, as shown in Fig. 2, and determines
a true-false discrimination of the sensor output signal. A
piezoelectric sensor, such as a PZT sensor, is sensitive to
mechanical vibration, including that from external noise
sources such as thermal strain in the mechanical support.
Accordingly, the signal waveform should be processed by
ﬂash ADC (FADC) and downlinked to the ground for a true-
false analysis, as previously mentioned in relation to Bepi-
Colombo MDM. Figure 4 compares the output signals of
the PZT sensor by ﬂicking the sensor frame (a) and a typical
true event in which the impulsive force is applied to the sen-
sor plane (b). The criterion of signal-noise discrimination is
sufﬁciently simple to enable a waveform to be identiﬁed as
a signal or a noise. Namely, the true-event waveform con-
sists of separate peaked waves and must start with a positive
peak due to the compression of the sensor material by col-
lision. The separate peaks appear every 2 μs with an occur-
ring phase inversion, because the longitudinal stress wave
propagates through the thickness direction with a speed of
about 4 km/s at both free end surfaces. In contrast, the noise
event has a continuous waveform and the amplitude attenu-
ates rapidly. Thus, true-false discrimination can be simply
conducted onboard. Because of that, FADC is not necessary
to read out the waveform of the PZT sensor signal output
and, accordingly, large amounts of power consumption and
data transmission of FADC can be avoided.
5. Conceptual Design of a Large-area Dust Detec-
tor Using a PZT Sensor with CVA
As mentioned in the previous section, we have demon-
strated the possibility of a PZT sensor with a CVA within a
speciﬁc range. From the perspective of practical use, the re-
sponse speed of the CVA should be faster; therefore, digital
electronics to measure the time duration of the pulse signal
of the stress wave should be considered. Ultra-high-speed
comparators are commercially available, such as the AD-
CMP582 manufactured by Analog Devices, which has an
equivalent input rise time bandwidth of 8 GHz. Thus, the
time duration of the pulse signal can be measured with a
precision of 0.5 ns, even in space. Considering elastic ap-
proximation, a dust particle with a radius of approximately
M. KOBAYASHI et al.: DUST DETECTOR USING PZT WITH CURRENT AMPLIFIER 173
0.5 μm generates a pulse duration of approximately 0.5 ns
in current signal. From the perspective of hardware design,
the lower limit of dust size measured by a PZT sensor with
a CVA can be 0.5 μm. According to Gru¨n et al. (1985),
the ﬂux of interplanetary dust greater than 0.5 μm at 1
AU heliocentric distance is approximately 10−4 m−1 s−1;
therefore, it is expected that approximately 1700 dust im-
pacts would be obtained by a sensor with a detector area
of 0.54 m2, which is the same area as that of ALADDIN.
The detection area of a PZT sensor is limited by the input
load capacitance of the ampliﬁer for signal readout. Given
a rated input load capacitance of 100 nF is affordable for a
CVA, the CVA can read out the signal output from a PZT
sensor with dimensions of 120 mm × 120 mm × 2 mm.
In such a case, approximately 37 plates of PZT sensors are
necessary to cover 0.54 m2. Thus, the larger the detection
area of each PZT sensor, the smaller the number of PZT
sensors. We have considered the resource requirement of
this new method in comparison with other methods. An
impact ionization detector is an instrument to measure the
masses and the speeds of microparticles, as well as a PZT
sensor with a CVA. As a part of the DuneXpress mission, an
impact ionization detector with a large detection area, called
Dust Camera 3 or DC3, was proposed. Actually, DC3 will
be used with a trajectory detector of DuneXpress, DT1, but
an impact ionization detector such as DC3 can obtain the
masses and the speeds of hypervelocity microparticles by
itself. DC3 comprises 25 sensing modules, each 9 × 9 cm2,
mounted in a 5 × 5 array, thereby it has a detection area of
0.2 m2, a weight of 9 kg, a volume of 50 × 50 × 23 cm3,
and a power consumption of 9 W (Gru¨n et al., 2009). On
the other hand, drawing on the practical design of Bepi-
Colombo MDM (Nogami et al., 2010), the dust monitor us-
ing the new method with the same detection area of 0.2 m2,
will require less resources, a weight of 8 kg, a power con-
sumption of 6 W and a volume of 50 × 50 × 1 cm3: the
occupied volume is signiﬁcantly reduced.
6. Summary and Future Plans
We have studied the potential of a new method of dust
monitoring having a large detection area but small volume.
In this study, a PZT sensor with a CVA is studied and we
used pulse laser shots to generate impulsive forces in order
to simulate hypervelocity microparticle impacts on the sen-
sor. The signal readout of the CVA showed a linear response
to the impulsive force on the PZT sensor. In addition, the
signal readouts exhibited distinctive waveforms, that can
be identiﬁed by onboard simple-logic electronics, enabling
pulse discrimination from false impact events, such as that
on the peripheral part of the sensor or by thermal strain. Our
goal is to examine dust particles with sizes of 0.5 μm in ra-
dius so that the CVA can be improved to be faster. In addi-
tion, the following circuit design will require a high-speed
comparator with a capability to process signals with a time
precision of 0.5 ns or less. Existing technology is sufﬁcient
to create the instrumentation for this conceptual design. We
will fabricate a CVA using a printed circuit board for faster
response and vacuum. In future research, we will conduct
a dust acceleration experiment using a PZT sensor with a
CVA, light gas guns, and electrostatic accelerators.
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